Abstract
Introduction
Measures of frequency of excitation during atrial fibrillation or ventricular tachyarrhythmia are informative metrics of the arrhythmias. [1] [2] [3] An intraoperative diagnosis that uses frequency to indicate whether an individual lesion is continuous and transmural may help operators produce high-quality lesions during fibrillation. Methods that use pacing to diagnose lesion quality are not normally applicable during fibrillation. [4] A diagnosis that uses frequency would require rapid determination of the frequency. Also the accuracy of the measurement may depend on whether the frequency is determined with spectral methods in the frequency domain or with individual beat-to-beat intervals in the time domain. [5] The Fast Fourier Transform (FFT) requires a certain electrogram segment to determine dominant frequency, and does not report on individual intervals. To determine frequency information in a shorter time and for individual intervals, we developed an algorithm that estimates frequencies in the time domain and is suitable for realtime programming. Here we demonstrate its ability to determine frequency content of fibrillation before and after ablation, and compare results with the corresponding results obtained using the FFT method.
Methods
Fibrillation was induced in 10 isolated perfused rabbit hearts by pacing at increasingly fast rates using 10 ms decrements of the pacing interval until fibrillation was observed upon turning off the stimulus. A linear suction radiofrequency (RF) ablation or coagulation probe (nContact, Surgical, Morrisville, NC) having 2.5 cm length was placed on the left ventricular epicardium. Extracellular potentials were digitized at a rate of 10 KHz from the epicardium using separate bipolar electrode pairs located on each side of the probe.
For analysis in the time domain, times of beats were defined from maxima of bipolar potentials. Frequencies were determined from reciprocals of beat-to-beat intervals. For analysis in the frequency domain, the recordings were divided into consecutive 2 s segments. The spectrum was computed as the product of the complex FFT and its complex conjugate. Dominant frequencies were determined for each segment.
Examples of the bipolar potentials that were recorded during fibrillation and the frequency spectra obtained from the recordings are shown in figures 1 and 2. 
3.
Results Figure 3 shows photographs of a heart after postexperimental perfusion with a stain to highlight viable tissue. The ablated tissue appears lighter than the viable tissue. Examination of the stained hearts showed that lesions produced by the RF ablation were continuous and transmural. The time-domain analysis provided more frequencies for a given segment length, e.g., 5-10 measurements of frequency per second of electrogram segment. This is due to the high rate of excitation during fibrillation, and the fact that the time-domain algorithm may detect the individual intervals between consecutive excitations. The FFT method used a 2-second electrogram to obtain each dominant frequency. * indicates p<0.05 from F-test for standard deviation after ablation compared to value before ablation (For dominant frequency, n=287 before ablation and 290 after ablation. For interbeat interval, n=3,620 before ablation and 4,040 after ablation. Numbers of measurements from each side of RF probe are indicated above bars.)
With either time-domain or FFT, distributions of frequencies were different after vs. before ablation. Means of frequencies had equal probability to increase or decrease, while standard deviations decreased after production of a continuous and transmural lesion.
Discussion and conclusions
The results indicate ablation decreases the standard deviation of frequencies of fibrillation. This may result from an increase in organization of the arrhythmia, producing frequencies that are more similar. While this might be expected with elimination of a reentrant circuit by ablation, a full explanation will probably require cardiac mapping.
The standard deviations were greater for the timedomain analysis vs. the FFT (Figure 4 ). This suggests variability of intervals is not fully represented in the dominant frequencies. [5] Magnitudes of maxima of bipolar potentials produced by excitations varied substantially during fibrillation (Figure 1) . The reason for this is probably multifactorial, and may depend on the angle of the excitation front in the measurement region and the excitability state of the cells. Cells in fibrillation can undergo nonuniform conduction or block, which affect potentials. In order to identify excitations, the time-domain algorithm used a cutoff value of ¼ of the greatest potential. Lowering the cutoff produces an increase in the number of excitations detected. [4] Although the optimal cutoff is unknown, the value we used produced mean frequencies similar to those from the FFT.
